and fast-acting DNA insecticides to control populations of gypsy moth, one of the most recognized insect pests of forests (Oberemok, 2008b) . Their results showed that DNA insecticides can be selective in action and at least are not harmful for tobacco hornworm (Manduca sexta) and black cutworm (Agrotis ipsilon). The use of insect-specific short single-stranded DNA fragments as DNA insecticides paves the way in the field of creation of "intellectual" insecticides that "think" before they act (Oberemok and Skorokhod, 2014) .
The idea of DNA insecticides is coherent to the mode of action of antisense molecules (Weiss et al., 1999; Dias and Stein, 2002; Lu et al., 2004) , mRNA-antisense DNA hybrids (Ling and Ying, 2001) , and mechanisms that resemble those of DNA interference (Kawai-Toyooka et al., 2004) and RNA interference (Fire et al., 1998; Wang et al., 2011; Toprak et al., 2014) . If antiapoptosis genes of a baculovirus are homologous to the host antiapoptosis genes, as it is known that homologous sequences usually have the same or very similar functions (Stormo, 2009) , then application of such fragments (antisense or doublestranded) of viral antiapoptosis genes is supposed to interfere with pro-and antiapoptotic pathways in the insect cells (for example, via mechanisms characteristic for the action of antisense oligonucleotides). Relationships between baculoviruses and their insect hosts are subject to coevolution (Hughes, 2002) , and this should lead to long-term evolutionary effects such as the specialization of these pathogens for their hosts (Herniou et al., 2004) and the ability to affect their biochemical reactions through expression of homologous antiapoptotic genes. The consequences of such application of baculovirus IAP gene fragments may be the blocking of antiapoptosis proteins synthesis, a high level of apoptosis of affected cells, and, as a result, the death of the host insect.
From our previous experiments we know that gypsy moth caterpillars from BIR+RING-treated groups that are going to perish stop eating; they move slower and look more dehydrated and smaller than caterpillars from the control group (Oberemok and Skorokhod, 2014) , which corresponds to apoptotic patterns at the cell level (Schliess and Häussinger, 2005) and the organism level (Hamshou et al., 2013) . These signs very likely indicate apoptosis processes in the caterpillars that further lead to death of the insect. Less is known about how exactly the DNA insecticides work at the cell level and why LdMNPV IAP-3 gene fragments possess harmlessness in action to other lepidopterans, such as Manduca sexta and Agrotis ipsilon (Oberemok and Skorokhod, 2014) .
In this research work, BIR and RING domain fragments of the LdMNPV IAP-3 gene are used to test their insecticidal activity on gypsy moth, tobacco hornworm, and common fruit fly. The same BIR and RING domain fragments of the LdMNPV IAP-3 gene are used as primers to detect antiapoptosis genes in these insects to find the possibility of action of DNA insecticides through the mechanisms characteristic for blocking of posttranscriptional expression of insect antiapoptosis genes and to explain their selectivity for nontarget organisms.
Materials and methods
The larvae of gypsy moth (Lymantria dispar (Lepidoptera: Erebidae)), tobacco hornworm (Manduca sexta (Lepidoptera: Sphingidae)), and common fruit fly (Drosophila melanogaster (Diptera: Drosophilidae)) of the wild-type strain (Tours, France) were used for experiments. On average, 20 first-instar larvae of gypsy moth, secondinstar tobacco hornworm caterpillars, and 2-day-old larvae of common fruit fly were used for each control and experimental group for DNA insecticide treatment. The experiment was performed in 3 replicates. For gypsy moth and tobacco hornworm caterpillars, a water solution with single-stranded DNA fragments at a concentration of 100 pmol/µL was applied outwardly as a small drop (0.3 µL/ caterpillar) with a pipette to the middle of the caterpillar's body (approximately third or fourth setae of the dorsal abdomen). The drop was absorbed by the caterpillar's body in an average time of 15-20 min at room temperature. Larvae of the common fruit fly were immersed into a solution with a concentration of 100 pmol/µL for 20 min. All insects were grown on standard wheat germ-based forage at a temperature of 25 °C for 11-20 days. The 11-day period for rearing of caterpillars after treatment with DNA insecticides was chosen as representative to show the dynamics of their action. Further rearing to 14 days and 20 days did not show additional difference in mortality vs. control groups. Caterpillars from the control groups were treated with distilled water and polyA oligonucleotide 5'-AAA AAA AAA AAA AAA AAA-3' (Eurofins MWG Operon, Germany) at a concentration of 100 pmol/µL. We used the nonparametric Pearson chi-square test with Yates correction and the Mann-Whitney test to evaluate the significance of insecticidal effect of virus IAP-3 gene fragments (Sofa Statistics 1.3.3 software).
To create DNA insecticides we designed DNA fragments according to the LdMNPV genome sequenced by the Kuzio group in 1999 and found in ICTVdb (http:// www.ictvonline.org). DNA fragments were synthesized by Eurofins MWG Operon with HPSF clearance. The sequences of the applied 2 single-chain DNA fragments were the following: а) 5′-GCC GGC GGA ACT GGC CCA -3′ (134843-134860; sense chain; BIR domain); b) 5′-CGA CGT GGT GGC ACG GCG -3′ (135159-135142; antisense chain; RING domain).
Detection of homogeneity to the LdMNPV IAP-3 gene of genomes of gypsy moth, tobacco hornworm, and common fruit fly was performed with polymerase chain reaction (PCR). Larvae were exposed to 3 successive baths of 3%-6% sodium hypochlorite, respectively, followed by a water rinse prior to DNA extraction to avoid contamination by alien DNA. Highly pure water (QIAGEN, France) was used and was exposed to a 254-nm ultraviolet lamp along with PCR tubes, MgCl 2 , and PCR buffer to avoid contamination with DNA from the environment. All experiments were performed under a flow-hood. DNA was extracted from larvae of gypsy moth, tobacco hornworm, and common fruit using the QIAamp DNA Mini Kit (QIAGEN).
The same BIR and RING domain fragments of the LdMNPV IAP-3 gene used as DNA insecticides were applied as primers to detect antiapoptosis genes in the insects. PCR reactions were performed on 2 µL (10 ng/ µL) of DNA using 0.75 units of Goldstar polymerase (Eurogentec, France), 0.2 mM dNTP, 1.5 mM MgCl 2 , and 50 pmol of each primer. DNA was initially denatured for 4 min at 95 °C, followed by 30 cycles of 1 min of denaturation at 94 °C, 1 min of hybridization at 60 °C, and 1 min of elongation at 72 °C, followed by a final elongation step at 72 °C for 7 min. PCR products from the larvae were purified using the NucleoSpin Extract II Kit (Macherey-Nagel, France) and sequencing PCR was performed with Big Dye Terminator v3.1 RR-100 Mix (Applied Biosystems, France). PCR reactions were performed with 5 µL of purified DNA and 0.35 µL of primers (10 pmol/µL). DNA was initially denatured for 2 min at 96 °C, followed by 30 cycles of 10 s of denaturation at 96 °C, 15 s of hybridization at 50 °C, and 4 min of elongation at 60 °C. All clones were sequenced in both directions with a capillary DNA sequencer (ABI PRISM 3100, Applied Biosystems). DNA sequences were analyzed by BLAST (Stephen et al., 1997; Zhang et al., 2000) and ClustalW 2.0.3 programs (Thompson et al., 1994) .
Results
Eleven days after the treatment with the fragments of viral IAP-3 BIR and RING domains (BIR+RING treatment), significant increase in mortality of gypsy moth caterpillars in comparison with the control (watertreated) was observed, whereas the polyA group did not show significant insecticidal effect versus control. Dead gypsy moth caterpillars reached an average of 24% in the BIR+RING experimental group, while 12.8% of individuals died in the experimental group treated with polyA and 7.1% of individuals died in the control group treated with water. Statistical analysis by chi-square test showed that the total mortality rate of caterpillars for 3 replicates in BIR+RING groups was significantly increased in comparison with the control (χ 2 value = 4.61, corresponds to P < 0.05). On the contrary, viral DNA fragments after 11 days of experiment did not show significant insecticidal effect on tobacco hornworm and common fruit fly, reaching mortalities in the BIR+RING, polyA, and control groups of 10%, 21.5%, and 17.9% and 10%, 6.7%, and 10%, respectively (Figure 1) .
To evaluate the possibility of action of DNA insecticides through the mechanisms characteristic for blocking of posttranscriptional expression of gypsy moth antiapoptosis genes and to explain their selectivity for nontarget organisms (tobacco hornworm and common fruit fly), we used PCR to detect insect antiapoptosis genes in the treated insects. PCR with single-stranded BIR and RING domains of the LdMNPV IAP3 gene as primers revealed different genome parts of the tested insects. The thickest fragment from each insect DNA spectrum was chosen for the DNA purification and further DNA sequencing (Figure 2 ). DNA sequencing analysis with BLASTN (Zhang et al., 2000) revealed that the sequenced fragment of the genome of common fruit fly belonged to the noncoding part of chromosome 3L (97% identity). The sequenced DNA fragment of the tobacco hornworm genome did not match with the TBLASTX program (Zhang et al., 2000) for any genome fragments in the nucleotide collection of Manduca sexta. Thus, the used single-stranded BIR and RING domain fragments of the LdMNPV IAP3 gene could not block the functioning of any known gene of common fruit fly and tobacco hornworm and obviously were harmless for them. On the contrary, a search with TBLASTX in the nucleotide collection of genome fragments of gypsy moth revealed Lymantria dispar IAP-1 mRNA (described by the Sugiyama group in 2012 and available at http://www.ncbi.nlm.nih. gov/nuccore/409924403) for an inhibitor of apoptosis protein that has 20% cover by query with the sequenced DNA fragment. This sequence according to the significance of alignment came second behind only Lymantria dispar actin mRNA, which has 51% cover by query with the sequenced DNA fragment. Since Lymantria dispar IAP-1 mRNA for inhibitor of apoptosis protein does not contain introns that the sequenced fragment of gypsy moth genome might contain, 2 sequences did not have highly similar alignment. Thus, obtained results of DNA sequencing allow us to assume that we have found a fragment of an antiapoptosis gene of gypsy moth. This corresponds to the results obtained by Oberemok and Skorokhod (2014) .
The results of DNA sequencing show that the reverse primer (fragment of a RING domain of the LdMNPV IAP-3 gene) performed perfect complementary base pairing on the fragments of gypsy moth and common fruit fly genome sequences, and on tobacco hornworm genome sequence only one nucleotide (cytosine instead of guanine) did not match (lower right part of Figure 3) . On the contrary, the BIR domain fragment of the LdMNPV IAP3 gene used as a forward primer did not perform perfect complementary base pairing on the genome sequences of the investigated insects (Figure 4 ), but it was enough to initiate PCR in all cases.
Discussion
The results showed that DNA insecticide and the reverse primer fragment of the RING domain turned out to be the most conservative part of the sequenced fragments. This indicates that this small antisense RING domain fragment may be used as DNA insecticide if it belongs to an antiapoptosis gene of an insect. Since the sequenced genome fragment of common fruit fly does not belong to any antiapoptosis gene and is a part of noncoding region antisense fragment of the RING domain, it is not able to cause serious disturbances in Drosophila cells. Of note, some strains of common fruit fly show susceptibility and an obviously non-specific response to the single-stranded BIR and RING domains fragments of the LdMNPV IAP-3 gene used here . This emphasizes the necessity to further investigate this phenomenon. Tobacco hornworm caterpillars also did not show susceptibility to the applied DNA fragments and we did not detect any antiapoptosis gene in the nucleotide collection of genome fragments of Manduca sexta with BIR and RING domain fragments of the LdMNPV IAP3 gene as primers. Since the genome of tobacco hornworm has not been sequenced yet we cannot claim that we did not clone part of an antiapoptosis gene of this insect. Still, if we cloned part of an antiapoptosis gene of tobacco hornworm, the probable explanation why we did not get any significant insecticidal effect on the insect is the mutation of G to C in the fragment of a RING domain (lower right part of Figure 3 , fifth nucleotide from the left in the RING domain fragment) that negatively affects base pairing with target mRNA. On the contrary, with TBLASTX analysis in the nucleotide collection of genome fragments of Lymantria dispar we detected that Lymantria dispar IAP-1 mRNA for an inhibitor of apoptosis protein has a high cover by query with the cloned gypsy moth fragment, which allows us to assume that we cloned a part of the gypsy moth antiapoptosis gene. Obviously, because the full genome of gypsy moth has not been sequenced yet, the sequenced DNA fragment of gypsy moth genome did not match any highly similar sequences searched with BLASTN (Zhang et al., 2000) .
Together with the present and previous results on gypsy moth where single-stranded fragments of BIR and RING domains of the LdMNPV IAP-3 gene showed significant insecticidal effect on caterpillars (Oberemok 2008 (Oberemok , 2009 (Oberemok , 2011 Simchuk et al., 2012; Oberemok and Skorokhod, 2014) and TBLASTX analysis of the sequenced genome parts of gypsy moth, tobacco hornworm, and common fruit fly cloned with the help of these fragments as primers, we may assume that the part of the gypsy moth genome represented here belongs to the antiapoptosis gene. This finding suggests that DNA insecticides might act through the mechanisms characteristic for blocking of posttranscriptional expression of gypsy moth antiapoptosis genes. The fragment of the RING domain might play the main insecticidal role in BIR+RING, probably acting as a small antisense molecule. Since the fragment of BIR belongs to a sense strand and did not perform perfect complementary base pairing on the genome sequence of the gypsy moth, the role of the BIR domain fragment in the action of DNA insecticides is not clear at the moment and can be counted as an auxiliary one. This corresponds with the results of our current experiments in which separate use of the antisense fragments of the RING domain of the LdMNPV IAP-3 gene leads to a significantly smaller accumulation of biomass by gypsy moth caterpillars in comparison with the control, whereas use of sense fragments of the BIR domain of the LdMNPV IAP-3 gene at the same concentration does not lead to a significant difference in biomass accumulation in comparison with the control (unpublished data).
Important further investigations of the mode of action of DNA insecticides should be done with quantitative real-time PCR for determining the expression level of the antiapoptotic gene in gypsy moth after application of the RING domain fragment of the LdMNPV IAP-3 gene described here.
Thus, PCR and DNA sequencing techniques helped us to see that proposed DNA insecticides might act through the interfering/blocking of the mechanisms involved in posttranscriptional expression of gypsy moth antiapoptosis genes and the main role in this is probably played by antisense RING domain fragments. The effect of the IAP-3 gene fragments of LdMNPV on its gypsy moth host can be used for the creation of selective fast-acting insecticides to protect plants from phytophagous insects.
